The risk factors for preeclampsia, extremes of maternal age, changing paternity, concomitant maternal autoimmunity, and/or birth intervals greater than 5 years, suggest an underlying immunopathology. We used peripheral blood and lymphocytes from the UteroPlacental Interface (UPI) of 3 rd trimester healthy pregnant women in multicolor flow cytometry-and in vitro suppression assays. The major end-point was the characterization of activation markers, and potential effector functions of different CD4-and CD8 subsets as well as T regulatory cells (Treg). We observed a significant shift of peripheral CD4 -and CD8-T cells from naïve to memory phenotype in preeclamptic women compared to healthy pregnant women consistent with long-standing immune activation. While the proportions of the highly suppressive Cytokine and Activated Treg were increased in preeclampsia, Treg tolerance toward fetal antigens was dysfunctional. Thus, our observations indicate a long-standing inflammatory derangement driving immune activation in preeclampsia; in how far the Treg dysfunction is caused by/causes this immune activation in preeclampsia will be the object of future studies.
Introduction
Preeclampsia is a mysterious condition that affects 3-17% of pregnancies worldwide [1] . Undoubtedly, the reader's life in some way has been touched by preecampsia. The mother and fetus may suffer serious complications including hypertension, organ failure, progression to seizures (eclampsia), prematurity, and death [1] . Currently, the diagnosis relies on serial blood pressure and proteinuria monitoring over a 24-hour period. The only effective treatment is delivery. A molecular explanation for preeclampsia that could guide more robust treatments is a major unmet medical need. Risk factors for preeclampsia include extremes of maternal age, changing paternity, concomitant maternal autoimmunity, and/or birth intervals greater than 5 years all suggesting involvement of immunologic mechanisms [1] . The pathology of preeclampsia has been investigated at many levels including placentation abnormalities and novel molecular descriptions of the hypertensive phenotype [2] [3] [4] . Fetal-maternal immune PLOS ONE | https://doi.org/10.1371/journal.pone.0188250 November 27, 2017 1 / 18 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
alterations are likely the initiating factors of this cascade of events as suggested by the risk factors and the unique immunologic setting of pregnancy. Prior considerations of the immunopathology of preeclampsia have focused on individual components of a potential immune derangement such as changes in serum inflammatory cytokines [5] . We report here phenotypic and functional parameters of T cells and Treg in the periphery (peripheral blood lymphocytes, PBL) and at the uteroplacental interface (UPI) impacted by preeclampsia. In addition, we detail a disruption of functional Treg-mediated maternal tolerance to fetal antigen in preeclampsia. Taken together, the data related here provide a framework for understanding immunologic underpinnings of preeclampsia.
Materials and methods

Ethics statement
Human subjects were recruited for participation after IRB approval (University of California, Los Angeles, Office of Human Research Protection Program, Medical IRB Committee-1 #11-003962). Each subject provided written informed consent prior to enrollment.
Human subjects
Healthy women with and without a clinical diagnosis of preeclampsia in the third trimester with singleton pregnancies were recruited for participation between March 2009 and July 2014. Demographic and obstetrical characteristics from the recruited population are provided in Tables 1-3 . White Blood Cell (WBC) count was obtained from review of the medical record for values obtained at admission to Labor and Delivery.
Tissue collection
Peripheral blood (5-20 ml) was collected into EDTA-containing tubes using standard aseptic venipuncture technique, usually in conjunction with placement of an IV line. Cells from the uteroplacental interface were obtained as follows: At the time of cesarean section, after delivery of the fetus and placenta, the hysterotomy was wiped clean of blood. Then, a sterile surgical sponge was used to wipe the intrauterine cavity, a standard procedure that ensures complete Table 1 . Subject demographics for immunophenotype. Age, gravidity, and parity differences analyzed with a two-way Student's T test. Ethnicity and advanced maternal age differences analyzed using a Fisher's exact test.
Age Healthy Preeclampsia
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In vitro suppression assay
Maternal and cord blood lymphocytes were isolated by gradient centrifugation over FicollPaque PLUS from GE Healthcare following manufacturer's recommendations. Cells were washed twice with sterile PBS and enumerated. A portion of maternal lymphocytes were anti-CD25-PE labeled followed by anti-PE-magnetic beads following manufacturers instructions (Miltenyi, San Diego, CA). CD25+ depleted cells were assessed for FoxP3 expression and similar depletion efficiencies were observed between healthy pregnant and preeclamptic pregnant women's samples. Cord blood lymphocytes were exposed to 5000 Rads in a Cs 132 irradiator.
200,000 maternal lymphocytes per well were incubated in a 96-well round bottom plate (BD-Falcon, San Diego, CA) with 200,000 irradiated cord blood lymphocytes as indicated for 120 hours in RPMI 1640 supplemented with 10% (vol/vol) heat-inactivated, 5.5 × 10 −5 M ß-mercaptoethanol, 100 units/mL penicillin, 100 units/mL streptomycin, and 2.5 mM Table 3 . Subject characteristics for Treg tolerance defect in preeclampsia. Age, gravidity, parity, and gestational age differences analyzed with a twoway student's T test. Mode of delivery differences analyzed using a Fisher's exact test.
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Age 28. 
Statistical analysis
Differences in normally distributed populations were statistically analyzed using unpaired Student's T test or analysis of variance (ANOVA) with Bonferroni post-test. Optimum clinical performance was determined using a Receiver Operator Curve (ROC) analysis. Statistical analyses were accomplished with PRISM (Graphpad, La Jolla, CA).
Results
The CD4 memory T cell compartment is significantly expanded in preeclamptic patients
Prolonged inflammatory conditions can impact the adaptive immune response. To address whether the T cell subsets of preeclamptic patients displayed differential distribution or activation compared with healthy patients, we utilized the same sampling-and gating strategy as published previously [7] , including samples obtained from the uteroplacental interface (UPI), the uterus locale where the placenta attaches to the uterus and the maternal-and fetal systems meet. Samples were obtained from third trimester healthy patients and preeclamptic patients at time of delivery and processed immediately (<12 hours). We found a significant reduction of naive CD4+ T cells and a concomitant significant increase of CD4+ central memory T cells in the peripheral blood of preeclamptic patients (Fig 1A+1B, left hand sides, Table 5 , gating strategy S1A and S1B Fig). While the trend was similar in the lymphocyte population from the UPI, there was no statistically significant difference. Neither the proportions of CD8+ effector memory nor CD8+ central memory T cells displayed any consistent differences between healthy-and preeclamptic pregnant patients (Fig 1B, right hand side, S1 Table) . An increased proportion of memory T cells suggested T cell activation, but the activation marker HLA-DR was expressed by similar proportions of cells in both patient populations (S1D & S1E Fig, S2 Table) .
Naïve and memory T cells of preeclamptic patients are functionally impaired
Healthy T cells are capable of different effector functions depending on their roles in the immune system. One of the main functions of CD4+ helper T cells is the production of IL-2 while an important CD8+ T cell effector cytokine is IFN-γ. To assess T cell functionality in preeclamptic patients, we applied global stimulation to samples from healthy or preeclamptic patients utilizing PMA/Ionomycin. This approach initiates maximum cytokine production without knowledge of the individual T cell specificity. We found the proportion of both CD4+ and CD8+ naïve T cells (CD45RA+) capable of IL-2 production to be significantly reduced in PBL of preeclamptic patients compared to healthy patients ( Fig 1C, left hand side, Table 6 , isotype control staining S2B Fig) . In the memory (CD45RO+) compartment, we observed a reduced proportion of IL-2 producing cells only in the PBL CD4+ T cell population (Fig 1E,  Table 6 ). Interestingly, IL-2 production of both naïve and memory CD4+ and CD8+ T cells was similar in healthy and preeclamptic patients at the UPI (Fig 1C & 1E , Table 6 ). Physiologically, CD4+ T cell-derived IL-2 is essential to maintain CD8+ T cell viability and the numerical relationship between these two populations is known to be critical for effector T cell maintenance. The mean number of IL-2+ CD4+ T cells per CD8 T cells in the periphery of healthy pregnant patients was higher, albeit not significantly, than in preeclamptic patients ( Fig 1D , Table 7 ). Memory (CD45RO+) CD8+ T cells displayed a reduced capacity for IFN-γ production in the PBL of preeclamptic patients (Fig 1C & 1E , right hand side, Table 8 ) but Granzyme A, Perforin A, and TNF-α protein was similar in the two groups (S1F & S1G Fig).
Naïve and memory T cells of preeclamptic patients do not display classical signs of exhaustion
Prolonged T cell stimulation can result in exhaustion, a process associated with reduced surface expression of the costimulatory molecules CD27 and CD28 [8] . We analyzed the expression of these two proteins in combination with CCR7 and CD45RO/RA on both CD4+ and CD8+ T cells of healthy and preeclamptic patients. Despite significantly reduced IFN-γ production from decidual CD45RO+ CD8+ T cells in preeclamptic patients, there was no significant difference in CD28 or CD27 expression levels in healthy vs preeclamptic patients (Fig 2A  and 2B) . Similarly, memory CD4+ T cells from the PBL of preeclamptic patients which are significantly impaired in IL-2 production also did not show any significant differences in CD28-or CD27 expression (Fig 2A and 2B) . Fresh peripheral blood and UPI samples from healthy 3 rd trimester pregnant women and preeclamptic women was processed and analyzed as described in materials and methods. CD28 (A) and CD27 (B) percentage of CD4+ memory (left side) or CD8+ memory (right side), CCR7+ or-cells was determined [7] . Student's T test, unpaired.
https://doi.org/10.1371/journal.pone.0188250.g002
Rejection in preeclampsia PLOS ONE | https://doi.org/10.1371/journal.pone.0188250 November 27, 2017 [9] . Quantification of total FoxP3+ Treg revealed a significant increase of total FoxP3+ CD4 + T cells in the peripheral blood of preeclamptic women (Fig 3A + 3B, Table 9 ). Previous reports on Treg populations in preeclampsia were heterogeneous possibly due to a lack of Treg subtype considerations as defined by Sakaguchi [10] . In humans, Treg-subtypes are identified by the surface expression of CD45RA in combination with the intranuclear expression of FoxP3 [10] . These three subtypes, Resting Treg (CD45RAhi FoxP3lo), Cytokine Treg (CD45RA-FoxP3lo) and Activated Treg (CD45RA-FoxP3hi) have distinct functional characteristics among which the Activated Treg display the strongest suppression but the lowest proliferation potential [10] . Utilizing this gating strategy, we found significantly more Cytokine Treg and Activated Treg in the PBL of preeclamptic women compared to healthy pregnant women (Fig 3A + 3C, Table 10 ). In contrast, the proportions of the three sub-populations were comparable at the UPI. Further Treg phenotypic characterization analyzing HLA-DR-expression and CCR6 -expression did not reveal differences between the two populations (S3A & S3B Fig) [11, 12] .
Lack of maternal Treg response to fetal antigen during preeclampsia
A hallmark of Treg function is their capacity to suppress the proliferation of effector cells, a feature quantified in proliferation assays. Exposing PBL of healthy, non-pregnant women to irradiated cord-blood of an unrelated source provokes a proliferative response (Fig 3E,  squares) . This response is mildly enhanced when Treg are depleted via magnetic bead depletion of CD25+ cells (Fig 3E, triangles) . Exposure of a healthy pregnant woman's PBL to the cord blood of her own fetus does not result in any proliferation (Fig 3F, squares) but a proliferative response was detected after Treg depletion (Fig 3F, triangles) . In contrast and importantly, exposure of PBL from a preeclamptic woman to the cord blood of her fetus (Fig 3G,  squares) provoked a strong proliferative response that was not enhanced further by Treg depletion (Fig 3G, triangles) . Comparison of the fold-change in proliferation after CD25-depletion from healthy and preeclamptic women stimulated with the cord of their own babies reveals a significantly increased fold change over the background proliferation (Fig 3H,  circles) .
Discussion
Preeclampsia has long been considered as a primarily vascular disorder unique to pregnancy [1] . However, the risk factors for preeclampsia have suggested that an underlying immunopathology is part of the origins of this mysterious, but common disease [13] . The work presented here demonstrates that maternal immune dysregulation is a significant feature of symptomatic preeclampsia. Underlying this immunopathology, we find a significant shift towards a CD4 + memory phenotype with dysfunctional cytokine production by CD4+ and CD8+ T cells in circulation. Unexpectedly, we find an increase in circulating functional Treg subsets, but with lack of function in response to fetal antigen.
In this study, we analyzed the phenotype and functional capacity of T cells from the PB and UPI of healthy and preeclamptic pregnant women at term. Through the combination of surface expression of molecules and intracellular cytokine production in the same cells upon restimulation, we identified a functional exhaustion in combination with population skewing toward memory phenotypes in preeclamptic pregnant women. "classical" surface markers of T cell exhaustion are comparable between healthy and PE pregnant women. Importantly, the phenotype of T cells at term in healthy and PE pregnant women is highly relevant to the goal of understanding the etiology of PE: a T cell's phenotype may provide information about its antigen encounter, inflammatory environment, and/or kinetics of the preeclamptic condition. The PB T cell compartment of preeclamptic women displays a significant reduction of naïve T cells and concomitant increase of central memory cells, especially among CD4+ T cells. Transition from naïve (CD45RA) to memory (CD45RO) phenotype requires TCR engagement or high-level unspecific inflammatory stimulation (such as during persistent viral infection). The progression from naïve to memory follows a certain order of events-and kinetics, and has some fundamental differences between mouse and human frustrating the use of animal models for human disease understanding [14] [15] [16] . Another factor that increases the complexity of this matter is that the two molecules whose expression is widely used as indicators for T cell exhaustion, CD27 and CD28, are themselves costimulatory molecules and thus are active participants in T cell stimulation and health [17] . The progression of CD8+ T cell differentiation from CD27+CD28+ to CD27+CD28-and lastly CD27-CD28-has been observed repeatedly in human viral infections (Influenza, HCV, EBV, HIV, and CMV), confirmed with telomere length studies and in in vitro assays using human cells [18, 19] . According to that classification, the T cell pools from healthy and PE pregnant women largely display the phenotype of Naïve (CD45RA+CD28+CD27+) or Early Activated T cells (CD45RA-or +/-CD28 +CD27+) which is as one would expect to find in healthy, young women [19] . In contrast, the CD4+ T cells of PE women who also largely expressed CD27 -and CD28 as one would expect but also expressed CD45RO, a marker thought to identify memory-type T cells. Importantly, this observation was not made for the small subset of fetal-specific maternal cells but the total population of CD4+ T cells. Additionally, memory formation is thought to be irreversible possibly affecting the immune competence of previously PE women for the rest of their lives. In Rejection in preeclampsia addition to the shift toward memory phenotype, the CD4+ T cells of PE women also displayed a significantly reduced capability of IL-2 which has been observed previously: in people with high-load persistence of HIV infection [16] and in that context, importantly, the low IL-2 production could be rescued by effective drug therapy of HIV [20, 21] . Loss of IL-2 production by CD4 T cells was also observed for persistent, but not resolved, HCV infection [22, 23] . Importantly, those observations were true for antigen-specific T cells, while we observed this reduction of IL-2 production in the total CD4+T cell population. The loss of IL-2 production of these CD4+ T cells is especially puzzling given that they express comparable amounts of CD28 and CD27, the costimulatory molecules whose engagement stimulates IL-2 production in T cells [24, 25] . This indicates disturbances of either the signaling pathways downstream from CD28/CD27 or in the receptor engagement itself respectively in those cells from preeclamptic women.
The reduction in functionality for CD8+ T cells in PE women as indicated by reduced production of IL-2 and IFN-γ, which was unexpected for CD8 T cells with no change in CD45R expression and that, similar to CD4+ T cells express the costimulatory molecules necessary for the induction of cytokine production, CD28-and CD27 in comparable proportions than in healthy pregnant women [26] ; this shift was again observed for the total population, not only fetal-specific cells (unless the overwhelming majority of the population of cells are fetal specific; an unlikely situation). Given that the expression of CD27 and CD28 are unchanged and the reduced functionality is true for the whole population, we do not believe that the reduction of functionality is due to a classical exhaustion process as the ones observed in chronic viral infections and cancer. Instead, we observed depressed functionality of the total population, especially production of IL-2 by CD4+ T cells which is essential for maintaining a healthy CD8+ population in vivo, as well as thymic induction and peripheral maintenance of Treg functionality [27, 28] .
Given that naïve-to memory transition is a natural process that occurs over life and is thought to be irreversible, our observations imply lifelong impacts of preeclampsia on the ability of the adaptive immune system to combat infection [29] . In fact, a reduction of IL-2 production of total lymphocytes in response to global stimulation (in contrast to antigen-specific restimulation as performed in the viral-and tumor studies) was observed when young (23.52 +/-3.47) women were directly compared to older (74.3+/-4.23) women and displayed a significant reduction [30] . Reduced IL-2 production in CD4+ T cells from elderly patients has been studied for quite some time [31] [32] [33] . A study by Larbi et al found reduced IL-2 production in CD4+ T cells from elderly patients in conjunction with unchanged expression of CD4 -and CD28, similar to our own observations; again, those patients were considerably older (mean 73 years old) than our own study cohort [34] . Larbi et al demonstrated that changes in lipid rafts in ageing T cells that have a higher cholesterol content in their membranes resulted in lower signal transduction and thus lower activation and IL-2 production [34] . In how far lipid raft changes and/or reduced signal transduction is present in the context of PE is outside of the scope of this paper and awaits investigation.
The question of whether or not the amount of Treg in PB increases or decreases with healthy pregnancy or in preeclampsia has been debated over quite some time now and consensus is not yet on the horizon [35, 36] . In part, even slight differences in experimental design and technique are to blame, the presence or absence of viability stain, time before sample processing, exclusion or not of CD4+CD8+ double positive cells, and lastly whether CD4+ CD25 +CD127lo T reg cells are the same population as CD4+FoxP3+ Treg, especially in the context of "non steady-state" such as pregnancy. Attempts for experimental standardization in flow cytometry such as "Standardizing immunophenotyping for the Human Immunology Project" are critical to make different techniques more comparable [37] . In that context, we previously compared the gating strategy approach proposed by the aforementioned group (CD4+ CCR4 +CD25hiCD127lo) with intranuclear FoxP3 staining in healthy pregnant women and found that less than 50% of the resting-and cytokine Treg (Resting Treg CD45RA+FoxP3lo, Cytokine Treg CD45RA-FoxP3lo) were identified by that gating strategy [7] . But even if the gating strategies are not identical, we can learn from each other's data: for example, Steinborn et al conducted a longitudinal examination of different Treg proportions in the PB of healthy pregnant and at term, of pregnant with either PE or HELLP or Preterm Labor necessitating preterm delivery [38] . Even though the gating strategy the authors employ is different from the one used in this study and the authors focused on the relationship of CD45RA and HLA-DR in the FoxP3+ Treg population, the overall pattern the authors observed was similar to our results: CD45RA high Treg (low in FoxP3 and HLA-DR) are reduced in PE compared to healthy pregnant women while CD45RA-Treg (FoxP3/HLA-DR lo and hi) are both increased.
Preeclamptic Treg populations are enriched for the highly suppressive subtypes Cytokine and Activated Treg. At the same time, we find circulating Tregs of preeclamptic mothers unable to regulate maternal lymphocyte proliferative responses to fetal antigens suggesting that these Tregs are either intrinsically deficient or "exhausted". Since Treg exhaustion is not yet described, we believe that an intrinsic Treg deficiency is part of the disorder. Inability to suppress maternal anti-fetal T cell responses has been observed in preeclamptic women before [35, 36] . Importantly, the design of our experiments does not allow for insights into which interaction partner does not function, the Treg that does not display suppressive properties or the T cell that is resistant to suppression. Both types of dysfunctions have been observed in human diseases: for example, in autoimmune disorders (abnormal recognition of self vs. abnormal recognition of fetus in PE). In autoimmune diseases in which Treg are defective, they transiently shift phenotypes from anti-to pro-inflammatory [39, 40] , despite continued expression of the master transcription factor of Tregs, FoxP3. Thus, these patients have bona fide Treg (FoxP3+) that express inflammatory cytokines (e.g., IFNγ). Teff cells resistant to Treg suppression develop this phenotype via many different routes, from TLR1 polymorphisms to improperly activated monocytes, but generally converge on IL-6 perpetuating the resistant state [41] [42] [43] [44] [45] . If preeclamptic absence of Treg control mechanistically recapitulates any of those known conditions is subject to future studies.
We observed a significant shift of peripheral CD4 -and CD8-T cells from naïve to memory phenotype as well as significantly reduced functionality in preeclamptic women compared to healthy pregnant women suggesting long-standing immune activation. Importantly, memory formation of T cells is, as far as we understand today, a nonreversible process that is usually driven by time as the major factor. In the case of preeclamptic women, it is unclear what drives this development; the similarly important question, however, pertains to the potential consequences of this change. Are the T cell compartments of previously preeclamptic women permanently "aged"? Does this change in phenotype correspond to permanent changes in functionality and if so, what? How does this change impact the "immunological fitness" of these women at the time of birth and in their subsequent lives? 
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